Glucose is catalyzed via the glycolytic pathway to pyruvate and then oxidized to generate ATP. However, excess glucose is converted to fatty acid via the lipogenic pathway by a number of enzymes including acetyl-CoA carboxylase (ACC) [1] . Short-term glucose/lipid metabolism is regulated by allosteric changes of the regulatory enzymes, whereas long-term metabolism is mediated by changes in the transcription of each enzyme gene. Indeed, recent in vivo studies show that the amounts of mRNAs for the enzymes change dynamically in response to both fasting and feeding [2, 3] . Furthermore, insulin and glucocorticoid, the two major hormones harboring a potent an- Endocrinology, Metabolism, and Nephrology, Kochi Medical School, Kochi University, Japan Abstract. Both glucocorticoid and insulin are known to have an anabolic effect on lipogenesis. Acetyl-CoA, an intermediate product of glycolysis, is supplied for fatty acid synthesis when carbohydrate intake is sufficient. Acetyl-CoA carboxylase (ACC), consisting of two isoenzymes ACC1 and ACC2, mediates the conversion from acetyl-CoA to malonyl-CoA, and thus plays a key role for the regulation of lipogenesis. In this study, we surveyed the effects of glucocorticoid and insulin on the transcriptional activity of the alternative promoters of ACCs (PI-PIII for ACC1, and PI and PII for ACC2) using the Hepg2 human hepatocyte cell line in vitro. We also examined the roles of the insulin and/or glucose-regulated transcriptional factor(s) such as SReBP1c, LXRα/β, and ChReBP on each promoter of the ACC genes. We found that both insulin and glucocorticoid had potent positive effects on all the promoters examined, and additive effects of both hormones were recognized in ACC1 PI and ACC2 PI. Furthermore, a representative insulin-responsive transcription factor SReBP1c showed significant stimulatory effects on all the promoters of ACC genes, among which those on ACC1 PIII and ACC2 PI were most prominent. On the other hand, the effect of LXRα was rather selective; it showed a marked stimulatory effect only on ACC1 PII. LXRβ and ChReBP had minimal, if any, effects on some of the promoters. Altogether, our data suggest that insulin and glucocorticoid have positive effects on both ACC1 and ACC2 gene transcription. SReBP1c might be a master regulator of the expression of both genes regardless of the promoter utilized, whereas LXRα seems to play a promoter-specific role. Since ACC1 facilitates lipogenesis by stimulating fatty acid synthesis and ACC2 inhibits lipolysis, both insulin and glucocorticoid seem to play an important role in the pathogenesis of obesity and/or hepatic steatosis.
abolic effect on triglyceride synthesis, are known to play a major role in the nutrient-dependent regulation of genes involved in the lipid metabolism [4] .
ACC consists of two isoenzymes, ACC1 and ACC2 [5] [6] [7] . Although both enzymes catalyze the conversion from acetyl-CoA to malonyl-CoA, ACC1 is predominantly expressed in lipogenic tissues such as the liver and the adipose tissue, where the enzyme is located in the cytosole of the cells [7] . ACC1 mediates the initial step of the fatty acid synthesis, and liverspecific ACC1 knockout mice show decreased hepatic triglyceride accumulation, suggesting that ACC1 plays a crucial role in the regulation of lipogenesis [8] . In contrast, ACC2 is expressed in the skeletal and cardiac muscular tissues as well as in the liver, and is located in the outer membrane of the mitochondria [7, 9] . malonyl-CoA, generated by ACC2, is shown to inhibit carnitine palmitoyl-CoA transferase I (CPT1), with the resultant inhibition of mitochondrial β-oxidation of (≈2 kb), PII (≈2.0 kb), PIII (≈2.2 kb), ACC2 PI (≈1.3 kb), and PII (≈1.3 kb) were cloned by PCR [11, 12] and incorporated into the pA3Luc luciferase reporter plasmid using standard molecular biology techniques. expression vectors for human SReBP1c, LXRα/β, RXRα, ChReBP, and mlx were made by cloning of the cDNAs with RT-PCR technique using total RNAs derived from human cell lines (Hepg2, HuH7, and HeLa). Each PCR product was confirmed by sequencing, and then incorporated into the pRC/RSV expression plasmid (Clontech, mountain View, CA).
Cell culture and experiments
The human hepatocyte-derived Hepg2 cells were maintained in high glucose Dmem (Sigma) supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin under a 5% CO 2 /95% air atmosphere at 37°C. In each experiment, cells were plated and cultured in 24-well plates to 50% confluency. On the next day, the cells were transfected simultaneously with each of the promoter-luciferase plasmids with both human insulin receptor (IR) and glucocorticoid receptor (gR) expression vectors [luciferase plasmid:gR:IR = 4:1:1 (µg)] using Fugene 6 transfection reagent (Roche, Indianapolis, IN, uSA), and 24 h later the medium was changed to serum-free medium. This culture condition showed minimal deleterious effect on cell viability up to 72 h evaluated by CytoTox 96 cytotoxicity assay kit (Promega, madison, mO) (data not shown). In each experiment, test reagents, in 1000x concentration, were then added directly into the culture medium, and the cells were incubated for the defined time interval. At the end of incubation, the culture medium was removed, and the cells were harvested for the determination of luciferase activity. Ready-to-glow-secreted luciferase system (Clontech, Takara, Japan) was used as an internal control when a different combination of plasmids was used in an experiment.
Luciferase assay
Luciferase assay was performed as previously described [17] , and light output was measured for 20 sec at room temperature using a luminometer (Berthold Lumat LB9507, Bad Wildbad, germany).
RT-PCR
endogenous expression of each promoter-specific transcript (ACC1 PI-III, ACC2 PI, PII) in Hepg2 fatty acids. ACC2 knockout mice represent enhanced β-oxidation, and thus this implies that ACC2 is critical for the regulation of lipolysis [10] .
Recent molecular genetic analyses have shown that ACC1 gene has 3 alternative promoters (PI, PII, PIII) [11] . The dominant forms of transcripts in the liver are those derived from PI and PII, whereas transcripts from all three promoters are recognized in the heart and skeletal muscle. ACC2 gene is also under the regulation of 3 different promoters (P0, PI, PII), but only PI and PII are functional in vivo, and PII is the primary promoter in the liver [12] . Alternative promoters are in general regulated differentially in a signaling pathway(s)-and/or transcription factor(s)-dependent manner, and it may also be the case with those of ACC1 and ACC2. However, the effects of insulin and glucocorticoid, the two major regulatory factors of lipogenesis, on the promoter-specific transcriptional regulation of ACC1 and ACC2 gene are not clarified yet. Furthermore, the roles of representative insulin and/or carbohydrate-related transcription factors, such as sterol response element binding protein 1c (SReBP1c), liver X receptor α and β (LXRα/β), and carbohydrate response element binding protein (ChReBP), in the regulation of each promoter remain to be elucidated [13] [14] [15] [16] .
Based on this background, in the present study, we surveyed the impact of insulin and glucocorticoid on the transcriptional activity of each promoter of ACC1 and ACC2 genes using the human hepatocyte-derived cell line Hepg2 in vitro. We also comprehensively examined the possible promoter-specific effect(s) of the three transcriptional factors (SReBP1c, LXRs, and ChReBP) on the ACC1/2 gene expression. Our data obtained showed that insulin and glucocorticoid had potent stimulatory effects on the transcriptional activity of all the promoters examined, supporting the concept that both hormones have an anabolic effect on lipogenesis. Furthermore, the role of SReBP1c as a master regulator of both ACC1 and ACC2 gene transcription was suggested.
Materials and Methods

Reagents and plasmids
H u m a n i n s u l i n w a s p r o v i d e d b y e l i L i l l y (Indianapolis, IN, uSA). Dexamethasone and forskolin were purchased from Sigma (St. Louis, mO, uSA).
The 5'-promoter regions of the human ACC1 PI of variance with Fisher's PLSD test, and P values below 0.05 were considered significant.
Results
Endogenous expression of each ACC transcript in HepG2 cells
Human ACC1 and ACC2 mRNAs are regulated by 3 (PI-III) and 2 (PI, PII) promoters, respectively (Fig.  1A ) [11, 12] . We examined the intrinsic expression of transcripts driven by each promoter by RT-PCR. We found that all the transcripts derived from each promoter were amplified (Fig. 1B) , indicating that this cell line is appropriate for the transcriptional regulation of all the promoters in vitro.
Time-course effects of insulin on the transcriptional activity of each ACC1/2 gene promoter
We first examined the effect of insulin on the transcriptional activity of ACC1 PI-III and ACC2 PI, PII promoters. As shown in Fig. 2 , insulin significantly enhanced the transcriptional activities of all the procells was examined by RT-PCR. The cells were plated in 3.5-cm-diameter dishes, and total RNA was extracted using RNeasy RNA extraction kit (Qiagen, Hilden, germany). One µg each was then applied for reverse transcription reaction using Superscript III reverse transcriptase (Invitrogen), followed by PCR reaction (25-30 cycles, 94°C 30 sec, 60°C 30 sec, 72°C 2 min) using Blend Taq DNA polymerase (Toyobo, Tokyo, Japan). The primer sets used were: for ACC1 sense PI 5'-CgACCAgTAATCACTTTgCCC-3', PII sense 5'-CAgCAgTTCCTCCACgCAgg-3', PIII sense 5'-CTgCAACTAAAggAgAgCTgC-3', and for common ACC1 antisense 5'-CACTggCACATAgTgATCTgC-3'; for ACC2 sense PI 5'-CAgAgTAAgCAgCTAgCAggC-3', PII sense 5'-CCTCACTCAAgAATggAgCTg-3', and for common ACC2 antisense 5'-gAgAAgCCACggTAAAgTCTC-3'. The sequences for both sense and antisense primers in each mRNA were obtained from a different exon, to distinguish the mRNA-derived PCR product from the genomic DNA-derived one.
Statistical analysis
Samples in each group of the experiments were in triplicate or quadruplicate. All data were expressed as a mean ± Sem. When the statistical analyses were performed, data were compared by one-way analysis fects on lipogenesis, we then examined the combined effects of both hormones on the transcriptional activity of ACC1 PI-III and ACC2 PI, PII. As shown in Fig. 4 , when insulin and dexamethasone were used simultaneously, at 24 and 48 h, the two hormones showed additive effects on ACC1 PI and ACC2 PI promoters. Interestingly, however, dexamethasone showed inhibitory effects on insulin-induced ACC1 PII and ACC2 PII promoter activities. No combined effect was observed in ACC1 PIII promoter.
The effects of SREBP1c and ChREBP co-expression on the transcriptional activity of each ACC1/2 gene promoter We then examined the effects of the co-expression of lipogenesis-related transcriptional factors, such as SReBP1c and ChReBP, on the transcriptional activity of ACC1 PI-III and ACC2 PI, PII promoters. As shown in Fig. 5A , when SReBP1c expression vector was co-transfected with each ACC promoter, SReBP1c significantly enhanced the transcriptional activity of all the 5 promoters of ACC genes, among moters. Among them, that of ACC1 PII was most prominent (>7-fold increase). Since ACC1 promotes lipogenesis and ACC2 inhibits lipolysis, our data support the concept that insulin is an anabolic hormone for lipid synthesis and storage.
Time-course effects of glucocorticoid on the transcriptional activity of each ACC1/2 gene promoter
We then examined the effect of dexamethasone, a potent synthetic glucocorticoid, on the transcriptional activity of ACC1 PI-III and ACC2 PI, PII promoters. As shown in Fig. 3 , dexamethasone significantly stimulated the transcriptional activity of all the promoters, among which that of ACC2 PI was most remarkable (≈6-fold increase). These data suggest that glucocorticoid is also an anabolic hormone in terms of fatty acid metabolism.
Combined effects of insulin and glucocorticoid on the transcriptional activity of each ACC1/2 gene promoter
Since insulin and glucocorticoid have anabolic ef- PII (≈3.2-fold increase), but had only minimal effects on ACC1 PIII, and did not have any influence on other promoters. In contrast, as shown in Fig. 6B , co-expression of the LXRβ/RXRα heterodimer had a minimal or no stimulatory effect on all the promoters examined. These data suggest that LXRα/RXRα is involved in the expression of ACC gene via the regulation of specific promoter (ACC1 PII), and that LXRβ/RXRα may not play a major role in ACC gene expression.
Discussion
ACCs play important roles in the regulation of triglyceride metabolism in the liver. In this study, we comprehensively surveyed the transcriptional regulation of ACC genes, i.e., multiple promoters of multiple genes, using human hepatocyte-derived Hepg2 cells which the effects on ACC1 PIII (≈2.6-fold increase) and ACC2 PI (≈2.7-fold increase) were most remarkable. On the other hand, as shown in Fig. 5B , co-expression of ChReBP/mlx showed a positive effect only on ACC1 PI. Thus, our data suggest that SReBP1c is the major transcription factor responsible for the expression of ACC1/2 genes, regardless of the promoters used. On the other hand, ChReBP/mlx seems to play a minimal, if any, role in ACC gene regulation.
The effects of LXRα/β co-expression on the transcriptional activity of each ACC1/2 gene promoter
We finally examined the effects of the co-expression of LXRα/β on the transcriptional activity of ACC1 PI-III and ACC2 PI, PII promoters. As shown in Fig. 6A , when LXRα/RXRα expression vectors were co-transfected with each ACC promoter, the heterodimer showed a potent stimulatory effect on ACC1 scription factor(s) might have occurred on the promoter. Although insulin consistently stimulated the transcriptional activities of ACC1/2, our data strongly suggest that the molecular mechanism may be different among the promoters examined. At least 3 groups of transcriptional factors, SReBP1c, LXRα/β, and ChReBP/mlx, are supposed to be involved in the insulin (and glucose)-induced lipogenesis, but the extent to which each factor contributes to the transcription of each promoter has remained to be determined. SReBP1c, one of the basic helix-loop-helix/leucine zipper (bHLH/LZ) transcription factors, is known to be the "master" regulator of lipogenesis, and insulin augments its activity and increases mRNA level as well [13] . In the current study, we found that expression of SREBP1c significantly stimulated all the promoter activities of ACC1/2, suggesting strongly that the transcription factors are at least partly mediating the effect of insulin. Interestingly, mao et al. recently showed that SReBP1a enhanced the PII, but not PI and PIII, activity in Hepg2 cells [11] , and the mechanism explaining the differential roles of SReBP1 family protein are not clear. However, because SReBP1c rather than SReBP1a is more profoundly involved in the transcriptional regulation of genes related to triglyceride metabolism, and insulin is known to activate SReBP1c [24] , we assume that the transcription factor is involved in the insulin effect regardless of the promoters utilized. SReBP1c binds to several types of sterol-response element (SRe) including e-box (CANNTg) [25, 26] , which is found to be located in all the promoters examined.
In contrast, LXRα showed a potent and selective effect on ACC1 PII, and had only minimal or no effect on the other promoters. LXRα is expressed in the liver, and plays an important role in the regulation of lipogenic genes [27] . Although oxysterol was originally thought to be an endogenous ligand, recent studies show that the receptor is activated by glucose as well [28] . Since ACC1 PII promoter contains several putative LXRes (-120/-105 and -43/-28 bp), and the PII promoter is shown to be highly active in hepatocytes [8] , we assume that this promoter plays a crucial role in the regulation of insulin/glucose via LXRα. Our data also show that LXRβ has a much smaller, if any, effect on all the ACC promoters examined.
ChReBP, a newly recognized transcription factor, is also shown to be involved in the insulin/glucose-mediated regulation of lipogenic genes [29, 30] .
in vitro. We found that all the promoters (ACC1 PI-III and ACC2 PI, PII) were positively regulated by both insulin and glucocorticoid, supporting the concept that both hormones are anabolic in nature in terms of lipid metabolism. However, the mode of interaction of the two hormones seems not to be similar among the promoters examined. Furthermore, a different transcription factor(s) is involved in the regulation of each promoter in a distinct manner.
ACC1 is located in the cytoplasm, where it mediates the first step of the fatty acid synthesis by converting acetyl-CoA to malonyl-CoA [7] . On the other hand, ACC2 is shown to exist in the outer membrane of the mitochondria, where the generated malonylCoA inhibits CPT1 and subsequent β-oxidation of fatty acids [7] . Both isoenzymes are found to be expressed in the liver, and previous studies showed that insulin facilitates ACC gene transcription in hepatocytes both in vitro and in vivo [18] [19] [20] . In this paper, we clearly demonstrated that insulin stimulated the transcriptional activities of both ACC1 (PI-PIII) and ACC2 (PI, PII). Since ACC1 promotes lipogenesis and ACC2 inhibits lipolysis, it is reasonable that insulin stimulates all the promoter activities of both ACC1 and ACC2. Our data are also in accordance with the well-accepted concept that insulin is a representative anabolic hormone, and plays an indispensable role in lipid synthesis and storage.
In contrast to insulin, glucocorticoid is involved in the nutritional regulation in a somewhat complicated manner. The hormone has a catabolic effect on protein metabolism, and antagonizes with insulin by enhancing gluconeogenesis and eliciting insulin resistance. In terms of triglyceride metabolism, however, glucocorticoid is known to have an anabolic effect on fatty acid synthesis [21] , and chronic excess of the hormone is known to cause steatohepatitis and/or central obesity in Cushing syndrome [22, 23] . Therefore, it is acceptable that all the promoters of ACC genes are also positively regulated by glucocorticoid, as shown in the current study. Furthermore, our data revealed that glucocorticoid and insulin had additive effects on some of the promoters at the transcriptional level examined, in accordance with a previous study showing the similar cooperative effects at the mRNA level [4] . The reason why glucocorticoid had inhibitory effects on insulininduced promoter activities (ACC1 PII, ACC2 PII) has not been made clear in this study, but it is possible that a competition between gR and insulin-stimulated tran-metabolism. Insulin is known to activate SReBP1c and/or LXRα in the liver [13, 33] , and hyperinsulinemia is one of the causative factors of obesity. In addition, recent basic and clinical studies suggest the role of elevated intracellular and/or extracellular glucocorticoid levels in the metabolic syndrome [34, 35] , and our data indeed suggest that glucocorticoid may increase fatty acid storage by promoting ACC1/2 gene transcription. Thus, hyperinsulinemia and/or glucocorticoid excess might cause accumulation of triglyceride partly via the effects of the two hormones on ACC1/2 expression. In this context, pharmacological inhibition of ACC might be a promising therapeutic tool for the prevention of abdominal obesity frequently observed in the metabolic syndrome [36, 37] .
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ChReBP is, like SReBP1c, a bHLH/LZ transcription factor of the mondo family, and acts by forming a heterodimer with max-like protein X (mlx). The factor is found to regulate the transcription of L-type pyruvate kinase and fatty acid synthase [31] and ACC [32] genes. unexpectedly, however, our data in this study failed to show a significant stimulatory effect of the transcription factor on all the ACC gene promoters, except that the ChReBP/mlx heterodimer tended to enhance ACC1 PI. One possibility is that ChReBP/ Mlx alone is not sufficient, and that the co-existence of other factors such as SReBP1c and LXR is needed to cause a significant effect. Alternatively, endogenous ChReBP/mlx is already stimulated maximally by high glucose medium, and thus additional expression did not cause any further effect, because glucose or its metabolites directly stimulates ChReBP regardless of the presence of insulin. In any event, additional studies are needed to clarify the role of ChReBP in ACC gene regulation.
The liver plays a pivotal role in glucose and lipid
